Introduction {#Sec1}
============

In the last few decades, considerable efforts have been made to develop new miniaturized technologies for particle manipulation, pre-concentration, and sorting using the optical^[@CR1]--[@CR3]^, magnetic^[@CR4]--[@CR6]^, acoustic^[@CR7]--[@CR9]^, and dielectrophoretic (DEP)^[@CR10]--[@CR18]^ schemes. Among these technologies, the DEP principle has gained significant attention because of its rapid and truly label-free criteria^[@CR19]^. DEP has been utilized for sorting^[@CR10]--[@CR12]^, isolating^[@CR13],[@CR14]^, and manipulating^[@CR15],[@CR16]^ of micro/nano-scaled particles and biomolecules, based on their dielectric properties under the non-uniform electric field (E-field)^[@CR18],[@CR20],[@CR21]^. The non-uniformity of the E-field can be generated either by applying an alternating current (AC) across an array of electrodes^[@CR10],[@CR22]--[@CR30]^ or by placing obstacles such as micro-pillars and rectangular hurdles in microfluidic channels (insulator-based approach)^[@CR17],[@CR31],[@CR32]^. The "insulator-based" (iDEP) approach is more appealing for manipulation of biomolecules because the device functionality can be preserved despite the fouling effect at the electrodes' surface^[@CR18],[@CR33]^. Although this approach has shown promising attributes, the majority of iDEP devices require high operational voltage in the range of 100 V/cm^[@CR11],[@CR32],[@CR34],[@CR35]^ which could result in generation of excessive heat in the system and potentially denaturation of the biological entitles.

An alternative iDEP approach was initially introduced by the Klenerman group^[@CR36]^, as significantly lower voltage was applied across a glass nanopipette; The small conical geometry of the nanopore induced a strong non-uniform E-field which created a DEP trapping zone inside of the pipette near the tip region^[@CR36]--[@CR38]^. This method has been used for trapping DNA molecules and proteins, by backfilling the nanopipette with a solution containing the target analytes and concentrating them inside the pipette as an AC field was applied^[@CR36]--[@CR39]^. Although this technique addressed the need for low operational voltage, it is unable to directly trap analytes from the bulk solution. To address this, Heller's team has developed a pipette based DEP device with a larger inner diameter of 800 μm which could directly isolate microbeads and DNA molecules from the bulk solution^[@CR40]^. In a similar strategy, a metal coated glass nanopipette was utilized to collect biomolecules under an AC field^[@CR41],[@CR42]^. Furthermore, in another clever method, a pressure gradient was initially applied to drive DNA molecules close to the tip of a glass pipette and then the balance of the electroosmotic flow (EOF), the pressure-driven flow, and the electrophoresis (EP) was used to trap them^[@CR43]^.

The majority of the nanopipette-DEP schemes are focused on the entrapment of analytes under the AC field and a comprehensive analysis of trapping mechanism under the DC has not yet been reported. In this work, we demonstrated a nanopipette-DEP device that is capable of rapid entrapment of nanoparticles at the close proximity region in front of the pipette's tip, under the low applied DC field, from solution with various ionic strengths. As a model system, 510 nm carboxylic acid polystyrene (COOH-PS) beads have been used to comprehensively study the system's electrokinetic (EK) forces including EP, DEP and EOF. The correlation between the induced EK forces and the number of trapped particles was systematically investigated by numerical modeling and experimental observations as the physical parameters, such as the applied voltage, solution ionic strength, and the pipette diameters were varied. Furthermore, to demonstrate the capability of our device for selective entrapment of nano-vesicles based on their dielectric properties and size, fluorescently tagged artificial liposomes with 100 nm diameters were selectively sorted and pre-concentrated from the PBS solution containing 510 nm COOH-PS beads. Also, to show the biomedical application of our device, small extracellular vesicles (exosomes) extracted from plasma of healthy donors, re-suspended in PBS solution, were trapped and pre-concentrated under two minutes.

Results and Discussion {#Sec2}
======================

The effect of magnitude and polarity of applied potential on particles entrapment {#Sec3}
---------------------------------------------------------------------------------

To realize the physical principles of the system, a finite element simulation was carried out to study the EK forces induced on COOH-PS beads using the nanopipette-DEP device with a 1 μm inner diameter in monovalent ionic condition at 10 mM concentration. Figure [1a](#Fig1){ref-type="fig"} illustrates the concept of the device in which as the direct current (DC) was applied across the pipette, the suspended particles in the solution were conveyed to the region close to the pipette's tip and were trapped near the tip region due to the balance of three electrokinetic forces at that region. Figure [1b--g](#Fig1){ref-type="fig"} shows the EK forces, including the EP, EOF, DEP, and the net force induced on the particles along the central axis of the pipette under different magnitudes and polarities of DC potential. As a positive voltage bias was applied at the base of the pipette (Fig. [1b--d](#Fig1){ref-type="fig"}), the distribution of EP force shows a peak in the negative Y-axis which indicates its direction towards the pipette's tip. However, the EOF and DEP forces had peaks in the positive Y-axis and thus, their directions were away from the pipette. Furthermore, under the 10 and 5 V/cm, the net force crossed the X-axis at two regions: inside of the piptette (red arrow), and outside of the piptte (blue arrow) (Fig. [1b,c](#Fig1){ref-type="fig"}) which represents the force balance at those two regions and hence, the trapping zones. However, as the applied voltage decreased to 3.33 V/cm, the net force did not cross the X-axis (Fig. [1d](#Fig1){ref-type="fig"}), since the combination of DEP and EOF forces was not sufficient to counter balance the EP force and thus, the particles were expected to translocate in to the pipette.Figure 1(**a**) The schematic of the nanopipette DEP device for entrapment of the particles suspended in the solution. (**b**--**d**) DEP, EP, EOF, and the net EK forces induced on the 510 nm COOH-PS beads along the length of the pipette under positive bias of 10, 5, and 3.33 V/cm applied at the base, respectively. (**e**--**g**) DEP, EP, EOF, and the net EK forces induced on the 510 nm COOH-PS beads along the length of the pipette under negative bias of 10, 5, and 3.33 V/cm applied at the base, respectively. The part of the graph to the left of (0,0) represents the region inside of the pipette and the portion of the graph on the right of (0, 0) depicts the region outside the pipette. The red and blue arrows point out the intersection between the net EK force plot and Y=0. The ionic strength of solution is 10 mM and the diameter of the pore is 1 μm.

In another set of simulations, the polarity of the voltage was reversed and the negative bias was applied at the base of the pipette (Fig. [1e--g](#Fig1){ref-type="fig"}). The EOF showed a peak in the negative Y-axis, implying that its orientation was toward the base of the pipette. Meanwhile, the DEP force continued to have an emanating effect as E-field gradient is not affected by the voltage polarity. However, the EP force direction switched as the voltage polarity was reversed and showed a peak at the positive Y-axis which implies its outward orientation away from the tip. As a result, the direction of the cumulative force was outward and hence, pushed the particles away from the tip. Thus, the particles were expected to not be trapped with reversal of the voltage polarity (Fig. [1e--g](#Fig1){ref-type="fig"}).

The simulations were followed by experiments in which 510 nm fluorescently-tagged (COOH-PS) beads suspended in 10 mM KCl (pH 7.0) were injected in the chamber facing a 1 μm pipette. 10 V/cm bias was applied across the pipette while the the motion of the particles was microscopically recorded and the ionic current across the pore was measured (Fig. [2a](#Fig2){ref-type="fig"}). Figure [2b](#Fig2){ref-type="fig"} illustrates the entrapment of the particles after 100 seconds of applied positive potential at the base of the pipette. The conductance measurement across the pipette shows ionic current step changes as the particles accumulated by the tip (Fig. [2b(ii)](#Fig2){ref-type="fig"}). The conductance measurements could potentially be translatable as a qualitative indicator for particles entrapment in the cases where the optical resolution is limited. However, no significant entrapment was observed when the same experiment was repeated with the reversed voltage polarity (Fig. [2c](#Fig2){ref-type="fig"}) and the open pore current (Fig. [2c(ii)](#Fig2){ref-type="fig"}) with no step changes was obtained (Video S[1 Supporting Information](#MOESM2){ref-type="media"}). Furthermore, consistent results were obtained when negative bias was initially applied at the base followed by the reversal of the voltage polarity (data not shown).Figure 2(**a**) A schematic of the nanopipette-DEP device. The ionic current across the pipette and the trajectory of the particles were simultaneously recorded. (**b**) (i) Microscopic image of entrapment as 10 V/cm was applied with the positive bias at the base of the pipette after 100 seconds. (**b**) (ii) The conductance measurements across the 1 μm pore as the particles accumulate by the tip. (**c**) (i) Microscopic image of few particles entrapment as negative 10 V/cm bias was applied at the base of the pipette after 100 seconds. (**c**) (ii) The corresponding conductance measurements across the 1 μm pore. (**d**) The correlation between the magnitude of electric field and the number of trapped particles after 100 seconds. The suspending medium was 10 mM KCl (pH = 7.0).

It has also been observed that the trapped beads could not be completely released from the trapping zone as the voltage polartiy was reversed and thus, the experiments could not be repeated using the same nanopipette under the solution with 10 mM ionic strength. However, as the solution's ionic strenght decreased significantly, for instantce, in the case of the beads suspended in DI water, the particles could be removed from the trapping zone as the voltage polarity was reveresed because of the strong opposing EOF force (data not shown)^[@CR44]^. Thus, under the very low ionic strength condition, the same nanopipette could potenitally be recycled and re-used in various experiments.

In another set of experiments the magnitude of voltage was systematically reduced from 10 to 5, 3.33, 1.67, 1, and 0.67 V/cm to establish the minimum voltage required for particles entrapment. Figures [2d](#Fig2){ref-type="fig"} and S[1](#MOESM1){ref-type="media"} show approximate number of trapped particles under different voltage magnitudes which indicate the entrapment of a few particles under 1 V/cm and more significant entrapment as 5 V/cm was applied.

The experimental results contradicted the simulations only in the case where no particle was translocated through the pore as 3.33 V/cm positive bias was applied at the base. A possible explanation could be the negligence of the electrostatic repulsion between the beads and the pipette's surface in the numerical analysis.

The effect of solution ionic strength on particles entrapment {#Sec4}
-------------------------------------------------------------

The performance of the device was investigated numerically and experimentally under solution with different ionic strengths. Simulation results represent the magnitude and direction of the EK forces induced on the COOH-PS beads suspended in various salt concentrations using the 1 μm pipette, under the 10 V/cm positive bias applied at the pipette's base (Fig. [3](#Fig3){ref-type="fig"}). To better illustrate the distribution of the forces at the trapping zone, the zoom in image of each EK force in front of the pipette where the force balance occurs, was plotted. Figure [3a](#Fig3){ref-type="fig"} shows the DEP force distribution along the length of the pipette. The direction of the induced DEP force on the particles in all ionic strength conditions was negative (nDEP) since the conductivity of the solution was higher than the conductivity of the particles. Although the direction of the DEP force remained the same, the magnitude of the DEP increased as the salt concentration increased. Moreover, the magnitude of the EP force applied on the particles was reduced as the solution ionic strength increased due to the decrease of the Debye length (Fig. [3b](#Fig3){ref-type="fig"}). A similar trend was observed in the case of the EOF profile due to decrease of the Debye length close to the Silanol groups on the pipette's wall (Fig. [3c](#Fig3){ref-type="fig"}). Figure [3d](#Fig3){ref-type="fig"} represents the cumulative EK forces computed along the length of the pipette at various ionic strengths and the zoom in image illustrates the reduction of the net force at the trapping zone as the solution's salt concentration increased.Figure 3(**a**--**d**) The plot of DEP, EP, EOF and the net force applied on the 510 nm COOH-PS beads along the length of the 1 μm pipette under different ionic strengths. A positive 10 V/cm bias was applied at the base of the pipette. The zoom in figures show the distribution of EK forces within a close distance from the pipette's tip at the trapping zone.

Experiments under the same conditions were conducted and the approximate number of entrapped particles was quantified after 100 seconds of applied potential (Figs [4a](#Fig4){ref-type="fig"}, S[3](#MOESM1){ref-type="media"}). Although the simulation results show a reversed linear regression of the net EK force with respect to the solution's salt concentration, the experimental results did not follow the same trend for the 1 mM KCl condition (Fig. [4a](#Fig4){ref-type="fig"}). This puts forth the hypothesis that the trapping mechanism is not only governed by the forces acting on the particles, but also by the particles' initial position with respect to the pipette prior to entering the trapping zone. In the area far away from the tip, the electric field and the electric field gradient are insignificant and thus, the EP and DEP forces are negligible. However, the electroosmotic flow exists near the pipette's outer walls even within a far distance from the tip. Therefore, particles close to the pipette's walls could be influenced by the EOF and obtain an initial velocity before entering the trapping zone compared to the particles positioned in the bulk that are away from the pipette's outer wall. To confirm this, the EOF distribution along the pipettes' outer walls was simulated at various distances from the walls (Fig. S[3](#MOESM1){ref-type="media"}) and as expected, the results show a decrease in the induced EOF on the particles located further away from the walls. Moreover, the EOF distribution along the pipettes' walls was simulated in solution with different ionic strengths (Fig. S[4](#MOESM1){ref-type="media"}) which indicates the reduction of the EOF as the ionic strength increased. Thus, we postulate that particles suspended in a low ionic strength solution, i.e. 1 mM KCl, have higher average velocity prior to entering the trapping zone and as a result the net EK force in front of the pipette's tip was not strong enough to halt the particles at the tip (trapping zone) and hence, led to fewer particles entrapment. To further support our argument, motion of the particles was tracked using the microscopic footage (Fig. [4b](#Fig4){ref-type="fig"}) and the results indicate a significantly higher particles' velocity when particles were suspended in solutions with lower salt concentration due to the higher EOF on the outer walls of the pipette (Fig. [4c](#Fig4){ref-type="fig"}). Also, in the case of the higher ionic strength conditions, i.e. 100 mM KCl, the velocity of the particles decreased gradually and approached almost zero as they were reaching the trapping zone. The low velocity of the particles could potentially result in lower entrapment yield since the majority of the particles did not have sufficient speed to reach the trapping zone. However, by analyzing the particles' motion suspended in 10 mM KCl, we observed that the particles' velocity increased gradually and attained approximately 0.1 mm/sec at the tip of the pipette (the trapping zone). By comparing the velocity of the particles in 10, 100, and 1 mM KCl we observed that the velocity of the particles suspended in 10 mM ionic strength was higher than the particles' velocity suspended in 100 mM KCl solution, yet lower than the particles' velocity suspended in 1 mM KCl solution. Thus, the velocity of the particles in 10 mM ionic strength was sufficient enough to reach the trapping zone and moderate enough to be halted by the net EK trapping force in front of the pipette. This intermediate particles' velocity under the 10 mM ionic strength condition, increased the trapping yield while compared to the particles' velocity suspened in the other solutions.Figure 4(**a**) The correlation between the estimated number of trapped particles and the ionic strength of the solution at pH 7.0. Each experiment was conducted using a 1 μm pipette under 10 V/cm and the data was collected at 100 seconds after the positive voltage was applied at the base of the pipette. (**b**) The trajectory (black arrows) of the beads motion before getting trapped at the tip, (0, 0) point. (**c**) The velocity of the COOH-PS beads suspended in solutions with different salt concentrations with respect to their distance from the tip, point (0, 0). The distance was obtained from the particles' coordinate with respect to the pipette's tip as shown in figure b).

The effect of the nanopipette's geometry on particles entrapment {#Sec5}
----------------------------------------------------------------

The effect of the pipette's diameter on entrapment was numerically investigated with pores of 150 nm, 500 nm and 1 μm diameters. Figure [5](#Fig5){ref-type="fig"} shows the distribution of the DEP, EP, EOF and the net EK forces along the length of the pipettes with three different pore sizes. The results show, at the trapping zone, near the region in front of the tip where the force balance occurs (Fig. [5a,b](#Fig5){ref-type="fig"} inserts), the DEP and EP forces drop faster as the pore size decreased. In addition, at the trapping zone, the electroosmosis flow drops faster as the pore diameter decreased due to the higher resistance of the smaller pores (Fig. [5c](#Fig5){ref-type="fig"} insert). Consequently, the net EK force distribution at the trapping zone, illustrates an increase in the magnitude of the net force as the pipettes' diameter increased which is expected to lead to greater number of particles entrapment.Figure 5The distribution of EK forces applied on the 510 nm COOH-PS beads in 10 mM KCl with different pore diameters under positve 10 V/cm bias at the base. (**a**) DEP, (**b**) EP, (**c**) EOF and (**d**) the net EK forces along the length of the pipette. The zoom in inserted figures show the distribution of forces in fornt of the pipette's tip at the trapping zone where the forces are balanced.

Emperical observations using the 500 nm, 1 μm, and 2 μm pipettes illustrated the entrapment yeild similar to the simulation results (Fig. [6a](#Fig6){ref-type="fig"}). Also, the effect of the solution's ionic strength was investigated with different pore diameters and the results showed that the maximum number of particles entrapment was achieved with the 2 μm pore and 10 mM ionic strength solution (Fig. [6a](#Fig6){ref-type="fig"}).Figure 6(**a**) The correlation between the number of trapped particles, the ionic strength of the solution, and the pipettes' diameter. Each experiment was conducted under 10 V/cm with positive bias applied at the base of the pipette and the data was collected after 100 seconds of applied voltage. (**b**) The correlation between the number of trapped particles and the run time. The COOH-PS beads were suspended in 10 mM KCl pH 7.0, and 10 V/cm was applied at the base of the 2 μm pipette.

However, we have noticed an inconsistency in the entrapment yield using pipettes with the same pore size but different geometries, similar to the report made by Klenerman and co-workers^[@CR38]^. Although, it is difficult to completely eliminate the variation in pipette's geometry utilizing the current fabrication technique, the inconsistency can be justified by investigating the key geometrical factors such as the tapered angle of the pipettes' wall which have a crucial role on particles entrapment. Microscopic examination of the pipettes showed the tapered angle variations from 6.0° to 10.2° for 500 nm pipettes (Table [S1](#MOESM1){ref-type="media"}), 10.6° to 13.5° for 1 μm pipettes (Table [S2](#MOESM1){ref-type="media"}), and 14.6° to 21.6° for 2 μm pipettes (Table [S3](#MOESM1){ref-type="media"}). To further investigate the effect of the tapered angle, another set of experiments were run using a 1 μm pipette with a larger tapered angle (15.1°). The results indicated a significant increase in particles entrapment as the angle increased from 11.1° to 15.1° (Fig. S[5](#MOESM1){ref-type="media"}). This could be justificed by the reduction of the EOF at the center of the pipette and thus, the reduction of the repeling force applied to the particles as the tapered angle increased. Although, our observations showed an increase in the entrapment yeild with respect to the increased of the tapered angel, more systematic analysis is required in future to comprehensively investigate the effect of the pipettes' geometry on particles entrapment.

The effect of run time on particles entrapment {#Sec6}
----------------------------------------------

To investigate the maximum entrapment yield of the system, the experiments were conducted in longer time intervals using a 2 μm pipette and 10 mM KCl solution. The semi-quantitative analysis of fluorescence intensity of the trapped particles was conducted to estimate the number of trapped particles after one hour of 10 V/cm positive bias applied at the base of the pipette (Figs [6b](#Fig6){ref-type="fig"} and [S6](#MOESM1){ref-type="media"}). The number of trapped particles was calculated as 386 after 100 seconds, 1390 after 5 minutes, 2400 after 10 minutes, 4500 after 30 minutes, and 5300 after 1 hour of applied potential. There was approximately 3.6 fold increase in the number of particles at the tip from 100 seconds to 5 minutes, \~1.8 fold increase after 30 minutes, and from 30 minutes to 1 hour there was around 1.1 fold increase in the number of particles. The trapping rate was fast within the first 5 minutes of applied potential, approximately 4.6 particles/sec. However, the rate decreased significantly to 2.5 particles/sec after 30 minutes and 1.5 particles/sec after 1 hour (Fig. [6b](#Fig6){ref-type="fig"}). The decrease in the entrapment rate and the concentration of the particles is because of the net EK force drop at the tip as the beads accumulated and thus, saturated the trapping zone. Also, the particles accumulation by the tip diminished the fluid flow through the pipette, which slowed down the motion of the particles from bulk toward the trapping zone. Although, the entrapment yield of a single pore is quite low (\~0.8%), the improvement can be achieved in future by fabricating an array of pores on a glass substrate to multiplex the entrapment events.

Selective entrapment of liposomes suspended in the PBS solution {#Sec7}
---------------------------------------------------------------

Liposomes are nanoscale sacs made up of lipid bilayers that have been widely studied as a model of biological membrane vesicles over the past few decades^[@CR45]--[@CR47]^. To investigate the capability of our device to trap extracellular vesicles, 100 nm fluorescently labeled artificial liposomes re-suspended in PBS solution were utilized as a model system. Figure [7a](#Fig7){ref-type="fig"} shows the trapping results of liposomes using a 1 μm pipette after 100 seconds of applied voltage (10 V/cm). Panel (i) illustrates that as the positive bias was applied at the base of the pipette, no liposome was trapped. However, as the voltage polarity was reversed to the negative bias, liposomes were trapped by the tip (Fig. [7a(ii)](#Fig7){ref-type="fig"}). Since liposomes have lower zeta potential (\~ −8 mV) and relatively smaller size (100 nm) compared to the COOH-PS beads, the EP force acting on the liposomes is much smaller than the EP force applied to the beads. Also, the magnitude of the DEP force induced on the liposomes becomes smaller due to the reduction of their size (Eq. ([3](#Equ3){ref-type=""})) and therefore, the electroosmosis is the dominant force, which attracts the vesicles toward the pore. Moreover, the conductivity of the liposome's membrane made of DOPC and cholesterol has been reported to be less than 1 nS/m^[@CR48]^. Thus, the conductivity of the liposomes used in this study was calculated to be less than 1 × 10^−2^ μS/cm, based on the dielectric multi-shell model^[@CR48]^, and as a result, liposomes would be under negative DEP force when suspended in the PBS solution. We can conclude that, as the negative bias was applied at the base, EOF attracted the liposomes toward the trapping zone while the negative DEP and EP pushed them away from the tip, preventing them from translocating through the pipette which resulted in their entrapment by the tip.Figure 7(**a**) Entrapment of 100 nm fluorescently-tagged liposomes suspeneded in the PBS solution using a 1 μm pipette and 10 V/cm applied E-field. (i) The results after 100 seconds of applied positive bias at the base. (ii) The results after 100 seconds of applied negative bias at the base. (**b**) Selective entrapment of 100 nm flourescently-tagged liposomes and 510 nm non-fluorescent COOH-PS beads suspended in the PBS solution. (i) The results after 100 seconds of applied negative bias at the base of the pipette. (ii) The results after 100 seconds of the voltage polarity reversal to positive bias at the base. (**c**) Selective entrapment of 100 nm fluorescently-tagged liposomes and 510 nm non-fluorescent COOH-PS beads suspended in PBS solution. (i) The results after 100 seconds of applied positive bias at the base of the pipette. (ii) The results after 100 seconds of the voltage polarity reversal to negative bias at the base.

To further investigate the effect of voltage polarity on vesicles entrapment, selective entrapment of liposomes was achieved in PBS solution containing COOH-PS beads. The results show that as the negative bias was applied at the base, liposomes were selectively trapped (Fig. [7b(i)](#Fig7){ref-type="fig"} and Video S[2](#MOESM3){ref-type="media"}) and as the voltage polarity was reversed, the non-fluorescent COOH-PS beads were trapped while the liposomes were released (Fig. [7b(ii)](#Fig7){ref-type="fig"} and Video S[2](#MOESM3){ref-type="media"}). The same results were obtained as the positive bias was initially applied followed by the reversal of the voltage polarity (Fig. [7c](#Fig7){ref-type="fig"}).

Entrapment of exosomes suspended in the PBS solution {#Sec8}
----------------------------------------------------

Exosomes are small membrane vesicles, 30--150 nm in size, released by cells into the extracellular space via the exocytosis pathway^[@CR49],[@CR50]^. Since exosomes contain important gene regulatory content such as proteins, microRNAs (miRs), and messenger RNAs (mRNAs)^[@CR51]--[@CR54]^, it is believed that they can play an important role as biomarkers for diagnosis and new semi-synthetic drug delivery vehicles for personalized therapy^[@CR55]--[@CR57]^. However, one of the major challenges in the field of extracellular vesicles is the difficulty in their selective entrapment from body fluids or cell culture media due to their small size. Here, we investigate the capability of our system to trap plasma-driven exosomes re-suspended in the PBS solution using our label-free nanopipette DEP device. Figure [8a](#Fig8){ref-type="fig"} and b show the results of exosome entrapment experiments after 100 seconds of 10 V/cm applied bias across a 1 μm pipette. Figure [8a(i)](#Fig8){ref-type="fig"} illustrates that only a few exosomes were trapped with the applied positive bias at the base; and more significant entrapment was observed after the voltage polarity was reversed (Fig. [8b(i)](#Fig8){ref-type="fig"} and Video S[3](#MOESM4){ref-type="media"}). Since exosomes have a similar zeta potential (\~ −11 mV) and size as liposomes, they were trapped more significantly as the negative voltage polarity was applied at the base of the pipette. The conductance changes were observed under both voltage polarities as a result of partial blockade of the pore by the trapped exosomes at the tip (Fig. [8a(ii),b(ii)](#Fig8){ref-type="fig"}). However, the conductance variations represent a qualitative indication of the entrapment events and there is no significant correlation between the shape of the electrical signal and the number of trapped exosomes. A control experiment with blank PBS solution, containing no exosome, was performed to ensure no false positive entrapment results (Fig. [8c,d](#Fig8){ref-type="fig"}). The exosome entrapment was repeated as the sequence of voltage polarity was reversed: initially negative bias was applied at the base, followed by the positive bias. The results showed the same entrapment trends as observed in Fig. [8a](#Fig8){ref-type="fig"} (data not shown).Figure 8(**a**) (i) Trapping results of plasma-driven exosomes re-suspended in the PBS solution with positive potential applied at the base of the pipette after 100 seconds. (**a**) (ii) Corresponding conductance changes across the pore. (**b**) (i) Trapping results of exosomes after reversal of the voltage polarity to the negative potential at the base of the pipette after 100 seconds. (**b**) (ii) Corresponding conductance changes across the pore. (**c**--**d**) The blank control experiments without exosomes and the corresponding conductance measurements across the pores. The diameter of the pipette was 1 μm and the applied E-field was 10 V/cm.

Conclusions {#Sec9}
===========

A new insulator-based nanopipette-DEP device with low applied DC field for rapid entrapment of nanoparticles and nano-vesicles was presented. The simulation and experimental results indicated that the entrapment was governed by the net electrokinetic force induced on the particles; and the entrapment mechanism and yield are dependent on the polarity of the applied voltage, the size and the geometry of pipette, and the ionic strength of the solution. The best trapping condition was explored under 10 mM KCl solution using a 2 μm pipette and 10 V/cm positive bias applied at the base of the pipette. The entrapment yield enhanced with time and reached a plateau after approximately 40 minutes. However, the rate of entrapment decreased after 10 minutes of applied potential due to the screening effect of the trapped particles, on the EK forces at the trapping zone. To illustrate the biomedical application of the device, exosomes extracted from plasma of the healthy donors and liposomes re-suspended in the PBS solution were successfully trapped under the applied negative potential. The results illustrate the sensitivity of this device to the nanoparticles' size and conductivity. In addition, selective entrapment of liposomes and COOH-PS beads suspended in the PBS solution were obtained by switching the voltage polarity across the pipette. In future, this scheme can be further optimized as a label-free tool with spatiotemporal resolution to facilitate the selective entrapment of extracellular vesicles from cell culture medium or biofluids by applying a combination of DC and AC fields.

Methods {#Sec10}
=======

Materials {#Sec11}
---------

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted. Silicone elastomer base and curing agents were purchased from Dow Corning (Elizabethtown, KY, USA). Fluorescently tagged and non-fluorescently tagged COOH-PS beads were obtained from Bangs Laboratories, Inc. (Fisher, IN, USA). Lyophilized exosomes from plasma of healthy donors were obtained from HansaBioMed Life Sciences Ltd. (Tallinn, Estonia). 100 nm NBD-DHPE labeled fluorescent liposomes were purchased from FormuMax Scientific Inc. (Sunnyvale, CA, USA). The liposome membrane was composed of phospholipid DOPC, cholesterol and NBD-DHPE fluorescent dye with a molar ratio 54:45:1. Borosilicate filaments were purchased from Sutter Instrument (Novato, CA, USA).

Preparation and characterization of particles {#Sec12}
---------------------------------------------

Potassium chloride (KCl) solutions at pH of 7.0 with different concentrations (500 mM, 100 mM, 10 mM, and 1 mM) were prepared and the PBS solution was diluted 10 times at pH 7.4. The conductivity of the solutions was measured as: 16.22 mS/cm for 1xPBS solution, 58.8 mS/cm for 500 mM KCl, 13.94 mS/cm for 100 mM KCl, 3.00 mS/cm for 10 mM KCl solution, and 1.10 mS/cm for 1 mM KCl solution using a conductivity meter (Oakton Cond 6+).

COOH-PS beads with 510 nm diameters were re-suspended into different electrolyte solutions to the final concentration of 1.37 × 10^7^/mL. The conductivity of COOH-PS beads was calculated based on the report by Morgan *et al*.^[@CR58]^, as 15.6 μS/cm. The zeta potential of the particles dispersed in different electrolyte solutions at 25 °C were measured at least 3 times using the Zetasizer-NanoBrook Omni (Brookhaven Instruments) (Table [S4](#MOESM1){ref-type="media"}). Fluorescently labeled liposomes with 100 nm diameters were re-suspended into 1x PBS solution at a final concentration of 1x 10^11^/mL. Lyophilized exosomes were reconstructed in 1x PBS solution at the final concentration of 1 × 10^8^/mL.

Device fabrication and setup {#Sec13}
----------------------------

Nanopipettes with different diameters (500 nm, 1000 nm and 2000 nm) were fabricated with the laser assisted puller, Sutter-2000 using the appropriate program (Table [S5](#MOESM1){ref-type="media"}). The diameters of pipettes were approximated by comparing their conductance with the conductance of the same sized pipettes purchased from World Precision Instruments, Inc.

The device fabrication and the data acquisition were obtained as previously reported by our group^[@CR59]^. To ensure the pore's diameter consistency, the ionic current across each nanopipette was measured in each experiment and reported in Tables [S1](#MOESM1){ref-type="media"}--[S3](#MOESM1){ref-type="media"}. 50 μL of electrolyte solutions containing nanoparticles were added in the chamber facing the pipette's tip and an electric potential was applied while the ionic current was measured. The motion of the particles was simultaneously monitored and recorded using an inverted fluorescent microscope, the Nikon Eclipse TE2000-S, equipped with a high-resolution camera, Andor NeoZyla 5.5, at a capturing frequency of 100 frames per second. Each experiment was repeated at least 3 times.

Finite Element Analysis of the flow behavior {#Sec14}
--------------------------------------------

Using the finite-element software, COMSOL Multiphysics 5.2a, the distribution of the EP, DEP, and EOF drag force acting on the PS-COOH beads was determined as the applied voltage, the salt concentration and the pipettes' pore size were systematically varied. The system being modeled consisted of a 1-D model where Poisson's and Nernst-Planck Equations were solved for potential variation and concentration distribution of ionic species along the boundary of the system and further served as the Dirichlet boundary conditions for the 2-D model, emulating the pipette setup. The 2-D axisymmetric design, comprised of the borosilicate pipette suspended in a circular reservoir filled with monovalent buffered salt, was constructed. Boundary conditions corresponding to the solution obtained from the Poisson-Boltzmann equation for electric potential were applied. The conditions established that the electric potential did not diverge anywhere and the gradient of this potential on the pipette surface varied with the change in surface charge density^[@CR44]^.

The model computed a combination of multiple physical phenomena pertaining to different aspects of the system: 'Electrostatics (es)' catered to the surface charge and voltage related analysis, 'Creeping flow (spf)' was solved for the study of incompressible and non-isothermal flow along the glass walls of the pipette, and 'Transport of Diluted Species (tds)' was incorporated for the migration of ionic species with the applied fields. The solution of the system provided the electric field and gradient of the square of electric field along the entire pipette length (Fig. S[7](#MOESM1){ref-type="media"}). Further, a comprehensive qualitative analysis of different force distributions along the entire pipette's length and the region outside was conducted as line graphs similar to a study by Clarke *et al*.^[@CR39]^. Each force was mathematically represented by an equation in the process and was plotted along the pipette's length in the axisymmetric model.

Different physical conditions in the experimental setup gave rise to a set of phenomena and eventually introduced the forces in the system. The negatively charged microspheres interacted with the applied electric field and experience the EP force under the applied bias. This force can be mathematically computed using equation ([1](#Equ1){ref-type=""}):$$\documentclass[12pt]{minimal}
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                \begin{document}$${\mu }_{EP}$$\end{document}$ is electrophoretic mobility, which was measured empirically using the Zetasizer.

The electroosmotic mobility of the particles was evaluated using equation ([2](#Equ2){ref-type=""}):$$\documentclass[12pt]{minimal}
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                \begin{document}$$\zeta $$\end{document}$ is the zeta-potential (ZP) of the glass walls of the micropipette. The zeta-potential for the glass pipette can be estimated using Graham's equation^[@CR60]^, which relates the ZP to the estimated surface charge density of the micropipette. The surface charge density of the borosilicate pipette was evaluated to be −0.02 C/m^2^ by Behrens and Grier^[@CR61]^.

The zeta values of the pipette were estimated to be −123, −66.8, −26.3, and −12.2 mV for 1, 10, 100, and 500 mM buffered salt concentrations at pH 7.0, respectively. Also, the ZP of the glass wall was assumed to be constant over the entire surface of the pipette in the model.

The DEP force on particles at the near tip region was computed using equation ([3](#Equ3){ref-type=""}):$$\documentclass[12pt]{minimal}
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                \begin{document}$$\,{\varepsilon }_{m}^{\ast }\,\,$$\end{document}$are the complex permittivity of the particle and the medium. The complex permittivity is expressed by $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ is the conductivity, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$ is the angular frequency of the applied electric field^[@CR62]^.

The Clausius-Mossotti factor under DC field can be represented as equation ([5](#Equ5){ref-type=""}):^[@CR34]^$$\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{p}$$\end{document}$ are the medium and particle conductivities. By combining these three forces, a cumulative net force was plotted to evaluate the overall trend of the forces in place by mathematically adding the vector components from the equations along the entire length of the pipette^[@CR43]^.

We have neglected the effect of electro-thermal flow (ETF) in our system since the ETF is mostly significant under the high-frequency AC voltage conditions^[@CR63],[@CR64]^. In previous reports, the maximum electro-thermal flow velocity at the tip region was calculated to be in the order of 10^−4^ m/s^[@CR65],[@CR66]^. However, based on our simulation results, the fluid flow velocity in our system is around 1 × 10^−1^ m/s which is three orders of magnitude higher than the reported ETF velocity due to the presence of EOF in our system. In addition, the electro-thermal force can be calculated as^[@CR67]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${k}_{B}$$\end{document}$ is the Boltzmann constant, $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{R}$$\end{document}$ is the room temperature and *r* is the particle radius. In our system, the electro-thermal force is calculated as approximately 10^−4^ nN which is three orders of magnitude lower than the other three dominant EK forces.

Data analysis {#Sec15}
-------------

The fluorescence intensity of the trapped particles was semi-quantified using the NIS-Elements Advanced Research software (Nikon Instruments). The number of trapped particles was estimated by dividing the total fluorescent intensity of the trapped particles by the intensity of an individual particle.

An open source particle tracking software, Tracker 4.9.8, was used to measure the tapered angle of the pipettes and track the trajectories of the particles. Real time recorded footage during each experiment was run frame by frame. A frame of reference axes was established with its origin at the tip and a calibration length was marked to provide a reference length scale for the moving particles. At each frame, a chosen particle of interest was manually marked for its coordinate locations until it was trapped at the tip. Three beads were tracked for each experimental condition, and the process was repeated at least three times for each bead. Once the coordinate data corresponding to the motion of beads was obtained, instantaneous velocities were computed at each frame.
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